Oxygen-vacancy dipoles and dimers in CaF 2 crystals have been studied ab initio at DFT level and with the shell model using pair potentials. The calculated dipole reorientation barrier is 0.64 eV and the activation energy for diffusion of the dipoles is 1.61 eV. Optical absorption of O 2--V A dipole have been calculated with TD DFT and identified with experimental absorption bands, which appeared to have complex structure. The photodissociation mechanism of the dipole is discussed. Several configurations of the dimer (O 2--V A ) 2 were calculated. The association energy for the most favourable one is 0.48 eV.
1 Introduction Single crystals of CaF 2 and defects in these crystals have been a topic of research for nearly 50 years. Certain aspects of this research recently gained tremendous interest in the context of the use of CaF 2 as an optical material for the deep ultraviolet (DUV) and vacuum ultraviolet (VUV) spectral regions. One of the big unsolved problems in this context is oxygen contamination in the bulk and at the surface of CaF 2 crystals. Oxygen is readily incorporated into the bulk during crystal growth and it is very difficult to avoid this contamination or to remove contaminants after growth. Oxygen also penetrates into the crystal upon exposure of its surface to ambient air. Extensive work on oxygen doped CaF 2 has been performed to clarify the structure and diffusion of single bulk oxygen defects and their clustering into larger complexes.
In present paper we intend, firstly, to clarify the nature of optical absorption and photodissociation mechanism of oxygen-vacancy dipoles and, secondly, to study the aggregation of the dipoles.
Calculation details
We use a hybrid ab initio -classical method, which allows to combine an accurate quantum mechanical calculation of a small cluster (QM cluster) with a cruder shell model representation of the rest of crystal. To achieve that, the system is divided into several regions: 1) QM cluster, electronic structure of which is being calculated ab initio (with B3LYP functional). 2) Classical region (usually about several hundreds of atoms), where the atoms are represented by the shell model and interact with each other and with QM atoms via pair potentials. The atomic coordinates of both QM and classical atoms can be optimised with respect to minimization of total energy of the system (geometry optimisation). 3) Region of fixed atoms surrounding classical region (up to several thousands of them). They are represented as point charges to provide the correct Madelung field inside the QM+classical region.
The described ideology was implemented in the GUESS computer code and tested for several systems [5] [6] [7] . Apart from ab initio results reported in this work a number of calculations were performed classically with pair potentials.
3 Oxygen-vacancy dipole Two possible configurations of O 2--V A dipole -<100> and <110> configurations -have been calculated.. They are shown in Fig. 1 together with a picture of lattice distortion. The <100> configuration is energetically the favourable one, while the <110> configuration has the total energy higher by
The energy barrier for transformation of the <100> configuration into <110> is 0.64 eV and the barrier for the reverse transformation is 0.15 eV. The value of 0.64 eV turns out to be also the activation energy of O 2--V A dipole reorientation, because the reorientation should follow a <100>→<110>→<100> path. One could have imagined a direct transition between two differently oriented <100> configurations, but that would mean a vacancy jump along face diagonal, i.e. in the <110> direction. Such a process has a very high energy barrier -our value obtained from a classical pair potentials calculation is 2.06 eV. Therefore the only possible way of reorientation is a two-stage process. According to the conclusion of Jacobs and Ong [8] , who studied thermostimulated depolarisation (TSD) in CaF 2 :O 2-, the barrier for oxygen-vacancy dipole reorientation is 0.47 eV. However, this value was obtained from analysis of the TSD peak shape with the assumption that it is a simple dipole reorientation peak. We have seen this is not the case because the reorientation has two stages. In a corrected model of two-stage process the value of activation energy obtained from the same experimental data may be slightly different. It seems reasonable it should be larger than the barrier for a free anion vacancy jump. Diffusion of the dipoles should include two types of movement: reorientation of the vacancy discussed above and an oxygen jump into the vacant site. The second type of movement has a higher energy barrier and thus determines the activation energy of O 2--V A diffusion. The calculated barrier is:
Optical absorption of the O 2--V A -centre was calculated using time-dependent DFT (TD DFT). The three highest occupied molecular orbitals in the one-electron spectrum are essentially 2p-orbitals of the oxygen ion. One of them is σ-like (that directed along the dipole axis) and will be denoted as σ(O Photodissociation of the dipole occurs during irradiation into the 2nd and 3rd absorption bands (8.4 and 9.2 eV). It was suggested [3] that the dipole decays into an O¯ ion and an F-centre:
It should be noted, however, that the diffusion barrier for F-centres is 1.69 eV according to [4] . This means that at a temperature of 200 K F-centres cannot be mobile and, consequently, the above reaction of O 2--V A dipole dissociation is impossible at such temperatures. The photodissociation mechanism should be more complex and include the following steps (Fig. 2 ): 1) excitation in the 2nd or 3rd band leads to charge transfer O 2-→V A and an electron moves into 2s-or 2p-state of the vacancy, i.e. O 2--V A dipole becomes O --F-centre, where the F-centre is in its excited state; 2) since the excited states of the Fcentre are situated close to the bottom of conduction band (CB), the electron can be thermoionised at temperatures above 200 K; 3) after that the defect remaining is O --V A . The O -ion is not charged with respect to crystal lattice, and there is no more coulomb attraction between oxygen and vacancy (as it was for the O 2--V A dipole), thus the vacancy can move away from O -and become free. -V A ) 2 were calculated with pair potentials (Fig. 3) . The most energetically favourable one is denoted configuration 0. The association energy of two dipoles is 0.48 eV. That has been obtained as the difference between total energies of two remote dipoles and the dimer configuration 0. Energies of other configurations with respect to config. 0 are also shown on Fig. 3 . Configurations 1-1, 1-2, 1-3 are formed from configuration 0 when one vacancy switches its position, the rest -when both vacancies do this. The beginning of the dimer decomposition is most likely 0→1.2→2.4 and then one of the oxygen ions in its turn can jump into the vacancy. Calculation of the optical properties of aggregates will provide the data, which can be compared to experiment. 
